Abstract

25
While most adult Lepidoptera use flower nectar as their primary food source, 26 butterflies in the genus Heliconius have evolved the novel ability to acquire amino 27 acids from consuming pollen. Heliconius butterflies collect pollen on their proboscis, 28 moisten the pollen with saliva, and use a combination of mechanical disruption and 29 chemical degradation to release free amino acids that are subsequently re--ingested 30 in the saliva. Little is known about the molecular mechanisms of this complex 31 pollen feeding adaptation. Here we report an initial shotgun proteomic analysis of 32 saliva from Heliconius melpomene. Results from liquid--chromatography tandem 33 mass--spectrometry confidently identified 31 salivary proteins, most of which 34 contained predicted signal peptides, consistent with extracellular secretion. Further 35 bioinformatic annotation of these salivary proteins indicated the presence of four 36 distinct functional classes: proteolysis (10 proteins), carbohydrate hydrolysis (5), 37 immunity (6), and "housekeeping"(4). Additionally, six proteins could not be 38 functionally annotated beyond containing a predicted signal sequence. The 39 presence of several salivary proteases is consistent with previous demonstrations 40
that Heliconius saliva has proteolytic capacity. It is likely these proteins play a key 41 role in generating free amino acids during pollen digestion. The identification of 42 proteins functioning in carbohydrate hydrolysis is consistent with Heliconius 43 butterflies consuming nectar, like other lepidopterans, as well as pollen. Immune--44 related proteins in saliva are also expected, given that ingestion of pathogens is a 45 very likely route to infection. The few "housekeeping" proteins are likely not true 46 salivary proteins and reflect a modest level of contamination that occurred during 47 saliva collection. Among the unannotated proteins were two sets of paralogs, each 48 seemingly the result of a relatively recent tandem duplication. These results offer a 49 first glimpse into the molecular foundation of Heliconius pollen feeding and provide 50 a substantial advance towards comprehensively understanding this striking 51 evolutionary novelty. 52 53
Keywords: saliva, proteomics, Heliconius, pollen feeding, Lepidoptera 54 55 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/013128 doi: bioRxiv preprint first posted online Dec. 22, 2014; However, many aspects of this adaptation remain enigmatic and in particular it 79 remains unclear how amino acids are captured from the pollen. 80
Introduction
Heliconius butterflies do not directly ingest pollen grains. Rather, pollen is 81 collected and stored on the outside of the proboscis (Fig. 1) , which has an array of 82 unusually dense and long sensory bristles which presumably facilitate pollen 83 collection and retention (Krenn and Penz, 1998) . A suite of behavioral adaptations 84 are also associated with pollen feeding, including sophisticated flower handling and 85 a stereotypical coiling--uncoiling of the proboscis that agitates the collected pollen 86 load (Krenn, 2008; Krenn et al., 2009; Penz and Krenn, 2000) . During this pollen 87 processing, saliva is exuded from the proboscis into the pollen and ingested some 88 time later, presumably transporting free amino acids back into the butterfly's 89 digestive tract. 90
There has been considerable uncertainty regarding the exact mechanism by 91 which amino acids are released from the pollen grains. Early hypotheses favored a 92 "passive" process. In the initial description of Heliconius pollen feeding, Gilbert 93 (1972) suggested that germination of pollen when moistened on the proboscis was 94 sufficient to release free amino acids (Gilbert, 1972 pin and then washing the proboscis and beads into a 1.5 µL microcentrifuge tube 130 using a pipettor. Typically the application of beads or even just the manipulation of 131 the proboscis with a pin caused visible droplets of saliva to be exuded from the 132 proboscis, usually from the outer edge proximal to the head (Fig 1) . The same 150 133 µL of deionized water was used repeatedly to rinse saliva and beads from the 134 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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proboscis of 8--10 butterflies per round of collection. Two rounds of collection were 135 performed in one day, separated by 1.5 h, using the same 150 µL diH20. Sampling 136 on two different days provided a pair of biological replicates for proteomic analysis. 137 138
Each of the two 150 µL samples was vacuum--centrifuged at 60C to reduce volume to 139 50 µL. 20 µL per sample was kept for polyacrylamide gel electrophoresis, and the 140 remaining 30 µL was submitted for direct shotgun proteomic analysis via LC--MS. 141 142
Protein gel electrophoresis 143 144
For polyacrylamide gel electrophoresis, 2.6 vol sample were mixed with 1 vol 4× 145
NuPAGE LDS Sample Buffer (Invitrogen) and 0.4 vol 10× NuPAGE Reducing Agent 146 (0.5 M dithiothreitol; Invitrogen). The samples were heated to 70°C for 10 min, 147 loaded on 4-12% NuPAGE Bis--Tris 1.0mm precast gels (Invitrogen) and 148 electrophoresed in NuPAGE MOPS running buffer at 4 mA/gel for about 100 min. 149
Gels were then fixed and silver stained using standard methods, followed by 150 imaging on a flat--bed scanner. 151 152
Mass spectrometry and analysis 153 154
Each biological replicate was split into two technical replicates, so a total of four LC--155 MS experiments were performed. Samples were digested and analyzed in toto, one 156 experiment per replicate, without prior gel fractionation. Samples submitted for LC--157 MS analyses were dried down and resolubilised in 20 mL of 50 mM ammonium 158 bicarbonate. Proteins were then reduced (5 mM DTT) and alkylated (15mM 159 iodoacetamide) before being digested overnight with trypsin. The samples were 160 then dried and resuspended in 20 mL 0.1% formic acid and pipetted into a sample 161 vial and placed in the LC autosampler. 162 163
All LC--MS experiments were performed using a nanoAcquity UPLC (Waters Corp., 164
Milford, MA) system and an LTQ Orbitrap Velos hybrid ion trap mass spectrometer 165 (Thermo Scientific, Waltham, MA). Separation of peptides was performed by 166 reverse--phase chromatography using at a flow rate of 300 nL/min and a Waters 167 reverse--phase nano column (BEH C18, 75 mm i.d. x 250 mm, 1.7 mm particle size). 168
Peptides were loaded onto a pre--column (Waters UPLC Trap Symmetry C18, 169 180 mm i.d x 20mm, 5 mm particle size) from the nanoAcquity sample manager 170 with 0.1% formic acid for 3 minutes at a flow rate of 10 mL/min. After this period, 171 the column valve was switched to allow elution of peptides from the pre--column 172 onto the analytical column. Solvent A was water + 0.1% formic acid and solvent B 173 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 217   218 Protein electrophoresis revealed a relatively sparse collection of proteins present in 219 the saliva (Fig. 2) . Only about 20 distinct bands were visible in the saliva sample. 220
Results and Discussion
216
SDS--PAGE
Notably, none of the bands were concordant with bands observed in the dietary 221 supplement, indicating that the saliva was not contaminated with Critical Care 222 Formula diet supplement. 223 224
Shotgun Proteomics 225 226
After filtering the protein hits by significance using Scaffold and removing all 227 contaminant protein hits, a total of 31 proteins were confidently identified from H. 228 melpomene adult saliva. Results are summarized in Table 1. There was substantial  229 consistency between biological replicates, with 24 proteins (77%) identified in both 230 samples. Technical replication was also good, with 22 proteins (70%) identified in 231 all four replicates. We also identified and discarded a few obvious contaminant 232 proteins in the filtered LC--MS results (e.g. human keratin, pig trypsin). 233
One clear prediction about salivary proteins is that they are secreted 234 extracellularly and therefore should contain a signal peptide at the N--terminus 235 (Scheele et al., 1978) . As expected, signal peptides predicted by Signal--P (via 236 InterproScan) were found in 20 of the salivary proteins (Petersen et al., 2011 ). This 237 is probably an underestimate because four of 11 proteins without predicted signal 238 peptides were represented by problematic gene models that lacked start codons. 239
Missing start codons likely reflects errors in the underlying genome assembly on 240 which gene models were built because manual inspection could not identify obvious 241 start codons. Otherwise, "complete" proteins without signal peptides tended to 242 have "housekeeping" functions and are likely to be Heliconius--derived contaminants 243 rather than true salivary proteins (see section below on "housekeeping" proteins). 244
The identified proteins could be divided into four groups based on function: 245 proteolysis, carbohydrate hydrolysis, immunity, and "housekeeping". Additionally, 246 several proteins could not be functionally annotated and were lumped into a fifth 247 group of proteins with unknown function. 248 249 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Proteolytic proteins
A distinct lack of molecular characterization of other butterfly saliva proteomes 289 leads to difficulty in making comparisons across pollen and non--pollen feeding 290
Lepidoptera. However, a study performed by (Feng et al., 2013) assigned an immunity--related function to the one identified salivary glucose--338 methanol--choline (GMC) oxidoreductase gene. GMC oxidoreductases comprise a 339 large and diverse protein family whose members play a variety of often poorly 340 understood roles in developmental processes, glucose metabolism, and immune 341 function (Iida et al., 2007) . In Lepidoptera this protein family is particularly diverse 342 and many members seem to play a role in immune response (Sun et al., 2012 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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